Venus ͉ Cerulean ͉ YFP ͉ cross-talk ͉ NFAT P rotein-protein interactions play a pivotal role in mediating signal-transduction pathways and executing cellular functions. Defining how each protein interacts with all possible partners in cells provides insight into cellular roles of individual proteins. This task has become more demanding given that many interacting networks have been generated in the postgenome era (1, 2). Although a number of methods are available for protein interaction study, several fluorescent protein-based methods, such as FRET and bimolecular fluorescence complementation (BiFC), are most widely used because of direct visualization and easy operation (3-5).
P
rotein-protein interactions play a pivotal role in mediating signal-transduction pathways and executing cellular functions. Defining how each protein interacts with all possible partners in cells provides insight into cellular roles of individual proteins. This task has become more demanding given that many interacting networks have been generated in the postgenome era (1, 2) . Although a number of methods are available for protein interaction study, several fluorescent protein-based methods, such as FRET and bimolecular fluorescence complementation (BiFC), are most widely used because of direct visualization and easy operation (3) (4) (5) .
FRET is an assay that can measure the proximity or distance between a donor and an acceptor. If two fluorophores are fused to a pair of interacting proteins, a fraction of an excited donor fluorophore nonradiatively transfers energy to an acceptor molecule. The efficiency of the energy transfer is defined as the fraction of donor excitation events that results in energy transfer to an acceptor. Hence, FRET efficiency can be used as an indicator of protein-protein interactions (6) . Although the most commonly used fluorescent proteins for FRET analysis are CFP and YFP (4-6), development of new fluorescent proteins with improved properties has significantly expanded our choice of selecting appropriate fluorescent proteins for live-cell imaging (4) . For example, the YFP mutant Venus and the CFP mutant Cerulean have been developed, and these mutants have shown better properties for live-cell imaging (7) (8) (9) (10) (11) .
We previously used CFP and YFP to develop a BiFC assay and a multicolor BiFC assay for visualization of protein interactions in living cells (12, 13) . Over the past few years, these assays have been widely used for visualization of protein-protein interactions in living cells and in different model systems (3) . Because the YFP-and CFP-based BiFC assays required a preincubation of cells at lower temperature before visualization of BiFC signals because of their sensitivity to higher temperatures, we recently improved the system and demonstrated that several newly developed fluorescent proteins, such as Venus and Cerulean, can be used for BiFC and multicolor BiFC analysis (14) . The use of Venus and Cerulean not only allows for BiFC analysis under physiological conditions but also increases the signal output and the specificity (14) .
Although determination of individual interacting proteins by FRET and BiFC assays provides useful information for function of a pair of interacting proteins, proteins often form multiple protein complexes such as ternary complexes. In particular, many signaling proteins function as ternary complexes. These complexes include membrane-bound receptors, cytoplasmic signaling molecules, and transcriptional regulatory complexes in the nucleus. For example, the formation of ternary complexes of transcriptional regulatory proteins is critical for gene transcription. These complexes include cross-talk between different families of transcription factors, such as interactions of activator protein (AP-1) with nuclear factor of activated T cells (NFAT) (15) , and the interactions of transcription factors with coactivators or corepressors (16) . Unfortunately, demonstration of a ternary complex in cells is a challenging task, and the methods available for visualization and identification of ternary complexes in living cells are extremely limited. Recently, a threechromophore-based FRET system has been developed for visualization of ternary complexes in cells (17) . However, this assay has not been widely used because of its sophisticated optical setup and data process. To develop an easy-to-operate assay for visualization and identification of ternary complexes in living cells, we have combined our Venus-based BiFC system with Cerulean to develop a BiFC-based FRET (BiFC-FRET) assay for visualization of ternary complexes in living cells. We also have applied this BiFC-FRET assay to identify a ternary complex formed between AP-1 and the NF-B subunit, p65. This finding reveals across-talk between AP-1 and NF-B, which are two important families of transcription factors critical for cellfate determination (18) (19) (20) (21) .
Results
To develop a convenient assay for visualization of ternary complexes in living cells, we reasoned that a BiFC-based FRET system should meet our goal (Fig. 1A) . The use of BiFC allows reconstitution of a fluorescent protein that can be used as a donor or an acceptor. This design would avoid the use of three chromophores for the visualization of ternary complexes (17) . Because Cerulean and Venus are a better combination for conventional FRET analysis (7-11) and because Venus-based BiFC allows visualization of protein interactions under physiological conditions and shows higher BiFC efficiency than the YFP-based BiFC system (14), we chose Cerulean and Venus as a donor and an acceptor, respectively, and we used a well characterized Fos-Jun-NFAT system as a model to develop the BiFC-FRET assay. NFAT is a transcription factor required for T cell development and for many other cellular functions (22) , and it is known to form a ternary complex with a Fos-Jun heterodimer to bind composite NFAT:AP-1 elements in the regulatory regions of many target genes (22, 23) . To reconstitute Venus fluorescent proteins for FRET analysis, the basic region leucine zipper (bZIP) domain of c-Jun (bJun) and c-Fos (bFos) were fused to the N-terminal fragment of Venus truncated at residue 173 (VN173) and the C-terminal fragment of Venus truncated at residue 155 (VC155) (14) . If bFos and bJun interact with each other, the interaction would bring VN173 and VC155 into close proximity and reconstitute an intact Venus molecule, allowing direct visualization of the bFos-bJun heterodimer (Fig.  1 A) . To determine whether the reconstituted Venus can be used as an acceptor for FRET analysis, we fused Cerulean to the C terminus of the Rel homology region (RHR) of NFAT1 and coexpressed these three fusion proteins together for FRET measurement. On the basis of the sensitized emission method (24, 25) 4A ). Examination of expression levels of fusion proteins did not shown any significant differences between the CFP/YFP pair and the Cerulean/Venus pair and among different time points (SI Fig. 4 B and C) , suggesting that the Venus-based BiFC system and the Cerulean contribute to better BiFC-FRET performance.
To further confirm whether the observed BiFC-FRET specifically depends on the physical interaction of NFAT with the bFos-bJun heterodimers, we introduced substitutions into the contact surface of NFAT1 with Fos and Jun proteins (15) . Indeed, the mutant NFAT1 (mNFAT1) showed a 50% reduction in FRET efficiency (Fig. 1B) , although a comparable expression of the fusion proteins was observed throughout these experiments (Fig. 1C) . Hence, we conclude that the BiFC-FRET assay can be used to visualize ternary complexes in living cells.
NF-B is another important family of transcription factors that functions by forming hetero-or homodimers between subunits to regulate transcription of many target genes involved in cell proliferation, differentiation, immune response, and stress response (18, 26, 27) . NF-B also cross-talks with other families of transcription factors, such as AP-1 (28, 29) . These cross-talks can occur through the binding of NF-B and AP-1 to composite binding sites in the regulatory regions of target genes, such as cytokines IL-1, IL-8, and TNF␣ (29), or through their mutual regulation at the transcriptional level (28) . In addition, the physical interaction between the NF-B subunit p65 and c-Jun or c-Fos at both endogenous and exogenous levels also has been observed previously by us and others (12, 30) . Although the functional consequences of the physical interaction between AP-1 and NF-B appear to be promoter-and cell-contextdependent (12, 30, 31) , the nature of the interaction remains largely unexplored. Because the RHR of NFAT is homologous to the RHR of p65, we reasoned that p65 also may form a ternary complex with the Fos-Jun heterodimer. To test this possibility, we used the BiFC-FRET assay to determine whether they form ternary complexes in cells. Similar BiFC-FRET experiments were performed as described for Fos-Jun-NFAT1, except that the RHR of p65 was fused to Cerulean. Consistent with our prediction, the coexpression of these three fusion proteins generated FRET signals with an efficiency of 16.2% ( Fig. 2A) . To determine whether the BiFC-FRET signal depends on their specific interaction, we compared the structure of the p65-p65 homodimer (32) with the structure of Fos-Jun-NFAT (23) and identified a loop region consisting of 25 residues as a potential interacting interface of p65 with the Fos-Jun heterodimer. Interestingly, this region is juxtaposed to a region in which a deletion of 10 residues (p65⌬10) decreased the interaction with The interaction between bJun and bFos brings N-and C-terminal fragments of Venus into proximity to form a BiFC complex. The interaction between NFAT1 and the bFos-bJun heterodimer allows the energy transfer from Cerulean to the reconstituted Venus to occur. The molecular models were created by using PyMol (48) . The structures of NFAT-bJun-bFos-DNA and GFP were obtained from the Protein Data Bank (PDB ID codes 1S9K and 2G5Z). The models generated from Venus fragments fused to either bJun or bFos, as well as Cerulean fused to NFAT1, were drawn in unstructured linkers. (B) COS-1 cells were cotransfected with plasmids encoding Flag-bJun-VN173 (bJun), MycbFos-VC155 (bFos), and the plasmid encoding NFAT1 or mNFAT1 fused to Flag and Cerulean at both N-and C-terminal ends. Shown are representative fluorescent images acquired by using the indicated filters 16 h after transfection. Pseudocolor FRET images were generated by MetaMorph, with the lowest FRET intensity in black and the highest FRET intensity in red. The numbers indicate the normalized FRET efficiency (nF/I CFP). The P value was obtained by Student's t test when compared with wild-type NFAT1. (Scale bars: 10 m.) (C) Expression of fusion proteins from B was determined by immunoblotting with anti-Flag and anti-Myc antibodies.
Fos or Jun in our BiFC analysis (12) . To verify that the loop region is involved in the interaction with Fos or Jun, we performed BiFC analysis and confirmed that deletion of the 25 residues (p65⌬25) abolished 32% and 47% of the interactions with Fos and Jun, respectively, compared with wild-type p65 (SI Fig. 5 ). Consistent with its inhibitory effect on the interactions with bFos and bJun, p65⌬25 showed only 6.1% FRET efficiency ( Fig. 2A) . In agreement with the fact that FRET efficiency is low when the acceptor concentration is too low (33), bFos⌬ZIP, a mutant bFos that has significantly reduced the ability to form heterodimers with bJun (12, 14) , showed 5.4% FRET efficiency (Fig. 2 A) . Comparable expression of these fusion proteins was observed (Fig. 2C ). These results demonstrate that p65 also forms a ternary complex with the Fos-Jun heterodimer. Interestingly, the FRET signal was largely excluded from nucleoli despite the fact that bFos-bJun heterodimers were highly enriched in the nucleoli (Fig. 2 A and B, YFP channel) .
NF-B functions as a heterodimer or a homodimer. To determine whether p65 interacts with the Fos-Jun heterodimer as a monomeric or a dimeric form, we introduced two critical substitutions (C216S and S276A) into the RHR of p65 to make a monomeric form of p65 (p65m) (34) . BiFC analysis confirmed that p65m showed a specifically and significantly reduced ability to form either heterodimers or homodimers (SI Fig. 6 ) but retained the ability to interact with bFos and bJun, as well as with wild-type p65 (SI Fig. 5 ). Interestingly, BiFC-FRET analysis revealed that p65m showed even higher FRET efficiency than did wild-type p65, suggesting that dimerization of p65 is not necessary or unfavorable for the interaction with the Fos-Jun heterodimer.
Because different effects of p65 overexpression on AP-1 activity were reported (12, 30, 31) , we used an EMSA to determine the effect of p65 on the binding of the Fos-Jun heterodimer to an AP-1 consensus-sequence TPA response element (35, 36) . We found that p65 enhanced the DNA binding of the Fos-Jun heterodimer in a dose-dependent manner (Fig.  3A) in the absence of its own binding to the AP-1 probes (SI Fig.  7A ). However, no further shift was seen, which is similar to a previous observation (30) . Interestingly, an antibody supershift assay showed that p65 was not in the AP-1-DNA complexes (SI Fig. 7B ), which also was confirmed by immunoblotting. This result is likely due to a weak interaction between p65 and AP-1 so that p65 dissociated from Fos-Jun-DNA complexes during electrophoresis. We also performed EMSA assays by using a lower concentration of bFos and bJun in the absence or presence of different concentrations of p65⌬25 and p65m. Indeed, p65m remarkably increased the DNA binding of bFos-bJun heterodimers, whereas p65⌬25 showed a much reduced effect (Fig.  3B) . GST did not increase the binding. Because the AP-1 probe used in the EMSA assay does not contain any hidden NF-Bbinding sequence and because the purified p65 did not bind AP-1 probe (SI Fig. 7A ), the enhanced DNA binding of the Fos-Jun heterodimers by p65 may result from the increased dimerization of Fos-Jun. To test this possibility, we performed BiFC assays to examine the effect of p65 overexpression on Fos-Jun dimerization in cells. As shown in Fig. 3C , both p65m and wild-type p65 showed significant enhancement of BiFC signals without altering the expression levels of bJun-VN173 and bFos-VC155 (SI Fig.  8 ). In contrast, p65⌬25 had a 3-to 4-fold lower effect on bFos-bJun heterodimerization. These results suggest that p65 specifically enhances Fos-Jun dimerization through its physical interaction with the Fos-Jun heterodimer.
Because AP-1 and NF-B can bind to composite sites in the regulatory regions of target gene promoters and synergistically activate transcription of target genes (29) , the observed enhanced Fos-Jun heterodimerization by p65 in cells could result from the binding of p65 and Fos-Jun to the composite sites in target genes. To eliminate this effect, we next examined the effect of a DNA-binding-deficient mutant of p65 (p65DBD) on Fos-Jun dimerization (37) . In agreement with the in vitro analysis, p65DBD exhibited comparable enhancement of FosJun dimerization, compared with wild-type p65 (Fig. 3C) . Thus, the interaction of p65 with Fos-Jun heterodimers can specifically enhance the Fos-Jun dimerization independently of its DNA binding. This finding is further supported by the fact that overexpression of full-length p65 similarly enhanced the heterodimerization of full-length c-Fos and c-Jun (SI Fig. 9 ). Taken together, we conclude that p65 forms a ternary complex with the Fos-Jun heterodimer and stabilizes the dimer for DNA binding.
Discussion
Fluorescent proteins have revolutionized the study of protein interactions in living cells. Although different improved but sophisticated FRET setup and calculation methods have been developed, the three-filter setup represents a convenient and relatively accurate system for FRET analysis in living cells (24) . With the use of CFP and YFP, or their improved mutant proteins, commercially available CFP/YFP filters can be easily adapted to most fluorescence microscopes. Contrary to the availability of different fluorescent proteins for FRET-or BiFC-based analysis of individual protein-protein interactions, an easy-to-operate assay for the visualization of ternary complexes in living cells is still lacking. Recently, a threechromophore FRET system has been developed for visualization of ternary complexes (17) . Because of the requirement of multiple filters and a complex data process, its application remains very limited. With the improved Venus-based BiFC system and the availability of improved CFP fluorescent protein Cerulean, we developed a BiFC-FRET assay for visualization of ternary complexes in living cells by using a conventional CFP/ YFP filter setup. The use of Cerulean and Venus as a FRET pair provides significant advantages over the CFP/YFP pair. Both Cerulean and Venus demonstrated a better folding property and less sensitivity to the environment (7, 38) , hence avoiding overexpression of fusion proteins and shortening the incubation time. By using the Fos-Jun-NFAT as a model, BiFC-based FRET can be measured as early as 16 h when Cerulean and Venus were used. In contrast, comparable FRET efficiency can only be obtained at a 36-h time point when CFP and YFP were used. This finding is consistent with the improved BiFC efficiency with Venus, compared with YFP (14), and with the improved property of Cerulean for conventional FRET analysis (8) . Thus, the BiFC-FRET represents an easy-to-operate assay for the identification and visualization of ternary complexes in living cells. It is worth mentioning that the conventional threefilter setup with the CFP/YFP filters can be used for both BiFC and BiFC-FRET analysis, and the principle of the BiFC-FRET assay in the present work can be applied to a more accurate FRET algorithm and an advanced FRET setup if needed (10, 33, 39) .
Because the FRET dialogue feature of MetaMorph calculates FRET efficiency by dividing net FRET to donor concentration only (SI Materials and Methods), we compared this method with N FRET and E-FRET calculations (25, 39) and surprisingly found that comparable results were obtained by using these three methods in the present work (SI Fig. 10 ). However, it is important to note that many factors can affect the accuracy of FRET measurement (10, 40) , and the selection of appropriate FRET calculations is just one of them. Given the fact that BiFC complexes are essentially irreversible in vitro (12) and that stable formation of BiFC complexes in cells could potentially increase the concentration of reconstituted acceptor Venus, it is possible that BiFC-based FRET could potentially overestimate FRET efficiency. Alternatively, the two BiFC fusion proteins could be subject to competitions of many endogenous interacting partners, hence decreasing the concentration of reconstituted acceptor and leading to the underestimation of FRET efficiency. Therefore, it is recommended to set up a control by using an interaction-deficient mutant and to compare the FRET efficiency between experimental groups and the control. As shown in Figs. 1 and 2 , mNFAT and p65⌬25 showed significantly reduced FRET efficiency compared with their wild-type proteins.
By using the BiFC-FRET, we have identified a ternary complex formed between the Fos-Jun heterodimer and the NF-B subunit, p65. This interaction is consistent with the fact that the RHR of NFAT is responsible for the interaction with the Fos-Jun heterodimer. Based on the structure of Fos-Jun-NFAT complex (23), the RHR contacts both Fos and Jun. In fact, substitution of contacting residues (R486A/I469A/T535G) significantly reduced the FRET efficiency (Fig. 1B) (15) . Likewise, a deletion of 25 residues in the conserved loop in p65 also significantly reduced the FRET efficiency (Fig. 2 A) . Consistent with our previous BiFC analysis that interactions of p65 with either Fos or Jun appear to occur in the nucleoplasm (12) , the ternary complexes of p65-Fos-Jun are mainly localized in the nucleoplasm, despite the fact that bFos-bJun heterodimers were significantly enriched in the nucleoli (Fig. 2 A, YFP images) (12) . Quantification of the FRET signal in the nucleoli and nucleoplasm showed that the FRET signal in the nucleoplasm is 3.6-fold higher than that in the nucleoli, indicating that subnuclear localization of the ternary complexes is not determined by bFos-bJun heterodimers. These observations, along with the distinct subnuclear locations of p65-Jun versus p65-Fos heterodimers (12) , suggest that the subnuclear localization of the Fos-Jun-p65 ternar y complexes may be gene-contextdependent. A study of the regulation of subnuclear localization of the ternary complexes may provide insights into the regulation of AP-1 target genes by p65.
In agreement with weak interactions of p65 with either Fos or Jun in cells (12) , the interaction of p65 with Fos-Jun heterodimers in vitro appears to be weak and/or transient because it readily dissociated from the Fos-Jun-DNA complex (SI Fig.  7B ). Nevertheless, this weak and/or transient interaction appears to be sufficient to increase the Fos-Jun dimerization in vitro and in cells (Fig. 3 and SI Fig. 9 ). Interestingly, this enhancement is independent of p65 dimerization. It is therefore possible that, like NFAT, p65 also may prefer to interact with the Fos-Jun heterodimer as a monomeric form. However, the NFAT interaction with the Fos-Jun heterodimers may only occur on the composite NFAT:AP-1-binding sites (23) , whereas p65 can interact with the Fos-Jun heterodimer on the AP-1-binding site only.
The cross-talk between AP-1 and NF-B can occur through binding to composite sites in target gene promoters (29) or through regulation of their own transcription (28) . The formation of ternary complex of p65 with the Fos-Jun heterodimer in the absence of p65 binding to DNA represents another level of cross-talk by which AP-1 activity could be enhanced (30) or inhibited by p65 (12) . We do not rule out the possibility that the potential competition of AP-1 and p65 for the limited amount of p300 in cells may underlie the inhibition of AP-1 by p65 (31) . However, we observed that the RHR domain of only p65 also inhibited activation of an AP-1 luciferase reporter gene by Fos-Jun heterodimers, and the coexpression of p300 had no effect on p65-mediated inhibition (unpublished data), suggesting that additional mechanisms may be involved in the p65-mediated inhibition of AP-1 activity. We are currently investigating the potential effect of p65 on AP-1 activity through their physical interaction in cancer cells. Because the balance between the survival pathway NF-B and the death pathway JNK-Jun is a critical life-death determinant (18, 19, 26) and because NF-B is often overexpressed and constitutively localized in the nucleus in many cancer cells (41) , the physical interaction between NF-B and AP-1 may inhibit the transcription of AP-1 target genes and contribute to the resistance of cancer cells to chemotherapy and radiotherapy, although the cross-talk between these two pathways may exist through the interactions of NF-B target genes with other signaling molecules in the JNK pathway (42) (43) (44) (45) (46) .
Materials and Methods
Construction of Plasmids. BiFC constructs pBiFC-bJun-VN173, pBiFC-bJun-YN173, pBiFC-bFos-VC155, pBiFC-bFos-YC155, and pBiFC-bFos⌬ZIP-VC155 were described previously (14) . To eliminate the possible effect of fluorescent protein dimerization on FRET analysis, a substitution (A206K) was introduced into VC155 (4). cDNAs encoding the RHR of human p65 (residues 5-315) and NFAT1 (residues 397-677) were amplified by PCR from a human cDNA library and subcloned into a pFlag-CMV vector to make an in-frame fusion with the fluorescent proteins Cerulean and CFP, pFlag-p65-Cerulean, pFlag-NFAT1-CFP, and pFlag-NFAT1-Cerulean. p65⌬25, a deletion of 25 residues (residues 187-211) within the RHR, was made by ligation PCR and was subcloned into pFlag-CMV to make pFlag-p65⌬25-Cerulean or into pCMV-Myc/HA (Clontech) to make BiFC fusion constructs with VN173 or VC155. QuikChange site-directed mutagenesis was used to introduce substitutions to constructs pFlag-p65DBD (Y36A/E39I) (37), pFlag-mNFAT1 (R486A/I469A/T535G) (15) , and pFlag-p65m (C216S/S276A) (34) .
BiFC Analysis. BiFC analysis was performed essentially as previously described (14) . To study the effect of p65 overexpression on bFos-bJun dimerization by using the BiFC assay, different amounts of plasmids encoding the RHR of p65 or full-length p65 were cotransfected with a fixed amount of BiFC constructs that encode either the bZIP domains or the full length of c-Jun and c-Fos proteins fused to VN173 and VC155, respectively. Quantification of BiFC efficiency was similarly performed as reported previously (14) .
BiFC-FRET Analysis. For BiFC-FRET analysis, 0.125 g of plasmids encoding bJun and bFos fused to VN173 or YN173 and VC155 or YC155 was cotransfected into COS-1 cells seeded in 12-well plates to allow formation of BiFC complexes (acceptors), along with the 0.125 g of plasmids encoding Cerulean fusions with wild-type or mutant NFAT1 or p65 (donors). To correct for bleedthrough, BiFC plasmids or Cerulean fusion constructs were individually transfected. Fluorescent images for FRET, Cerulean, and Venus were captured 16 h after transfection by using a charge-coupled device camera mounted onto a TE2000-U inverted fluorescence microscope (Nikon) with a JP4 excitation/ emission filter set at 430/535 nm, 430/470 nm, and 500/535 nm, respectively (Chroma Technology). The time of acquisition varied from 60 to 180 ms but was held constant during each given experiment. Regions of interest were selected for all nonsaturated fluorescent cells in any given field. All images were background-subtracted before analysis. For FRET/Cerulean pixel-to-pixel ratiometric processing and efficiency analysis, corrected FRET images were obtained by using the FRET dialogue feature of Metamorph II version 6.1 (Universal Imaging). The correction coefficients for each of the fluorescent proteins were determined as described previously (24) . FRET analysis throughout the course of the experiments was performed by using the three-filter setup system according to the sensitized emission method (24) . More than 50 cells from each set of experiments were individually quantified, and FRET efficiency was shown as the mean of three replica of one set of experiments. Each experiment was repeated at least three times, and similar results were obtained. Additional details of FRET calculations are described in SI Materials and Methods, and comparable results were obtained by using three different FRET normalization methods (SI Fig. 10 ).
Immunoblotting Analysis. To determine the expression levels of various fusion proteins, transfected cells from 12-well plates were harvested and lysed in 35 l of 2ϫ Laemmli sample loading buffer after images were acquired. The proteins (one half of total lysate from a well) were resolved in SDS/10% PAGE and transferred onto a nitrocellulose membrane by using a semidry transfer method. The expression of each fusion protein was determined by using specific antibodies against the Flag, HA, or Myc epitopes of the fusion proteins (Sigma-Aldrich).
Protein Expression and Purification. Recombinant (His)6-Flag-p65-(His)6, (His)6-p65⌬25-(His)6, (His)6-p65m-(His)6, (His)6-Flag-p50 -(His)6, His-bJun, His-bFos, and GST were purified from the transformed Escherichia coli strain, BL21, after 4 h of induction with 1.0 mM isopropyl-␤-D-thiogalactopyranoside. Note that both p65 and p50 were doubly tagged at both termini to purify the intact proteins. The Flag tag was added for the purpose of supershift assay. Induced cells were collected and lysed with corresponding phosphate buffers supplemented with protease inhibitors. Both His-and GST-tagged proteins were purified by using nickel TALON metal (BD Biosciences) or glutathione affinity resin (Pierce) according to the manufacturer's instructions and were quantified by using the Bradford method.
EMSA.
A nonradiolabeled, biotin-based EMSA was used to study the binding specificity of purified proteins to DNA (47) . All DNA probes were biotin labeled at the 5Ј end (Integrated DNA Technologies). Oligos for AP-1-binding sites were 5Ј-GATCAGCTTGATGATGAGTCAGCCCG-3Ј and 5Ј-CGGGCTGACTCAT-CATCAAGCTGATC-3Ј. Oligos for NF-B were 5Ј-AGTTGAGGGGACTTTC-CCAGGC-3Ј and 5Ј-GCCTGGGAAAGTCCCCTCAACT-3Ј. Complementary oligos were annealed by using 1ϫ STE buffer [10 mM Tris (pH 7.5), 50 mM NaCl, and 1 mM EDTA]. All EMSAs were performed in either 10 or 15 l of total reaction volume containing 1ϫ gel shift binding buffer (Promega), 50 ng of Poly (dI-dC) (Roche Applied Science), indicated amounts (0.25-5 pmol) of purified proteins, and 20 -50 ng of annealed biotin-labeled probes. Binding reaction was performed for 30 min at room temperature. The binding reaction mixture was allowed to run in a 6% nondenaturing PAGE for 100 min at 100 V and was transferred onto a nylon (plus) membrane for 30 min at 320 mA. Cross-linking was applied by using the optimal cross-linking option with the Spectro-Linker XL100 (Spectronics), followed by blocking in 5% nonfat milk overnight. Protein-bound and free probes were detected by using the antibiotin ImmunoPure streptavidin horseradish peroxidase conjugate (Pierce) and ECL Western blotting kit (Amersham Biosciences/GE Healthcare).
Statistical Analysis. For FRET and BiFC analysis, all average fluorescence intensities were determined from Ͼ50 individual cells. Each set of experiments was repeated at least three times. Student's t test was applied to determine the statistic differences among experimental groups.
